SDS-PAGE combined with liquid chromatography-tandem mass spectrometry (LC-MS/MS) and 2-dimensional electrophoresis (2DE) combined with matrix-assisted laser desorption/ionization time of flight/time of flight mass spectrometry (MALDI TOF/TOF) were applied to characterize the turkey seminal plasma proteome. LC-MS/MS led to the identification of 175 proteins, which were classified according to their function and to corresponding biochemical pathways. Using 2DE and MALDI TOF/TOF, 34 different turkey seminal plasma proteins could be identified, of which 20 were found in more than one spot, indicating different proteoforms of these proteins. For validation, antibodies against turkey albumin and ovoinhibitor as well as sperm acrosin were used in 2DE Western blots experiments. The bioinformatic analysis of the results indicates that turkey seminal plasma proteins may be involved in regulation of lipid metabolism [liver X receptor/retinoid X receptor (LXR/RXR) activation and farnesoid X receptor/retinoid X receptor (FXR/RXR) activation pathways)], endocytic entry of proteins and lipids at the plasma membrane (clathrinmediated endocytosis pathway), and defense against pathogens (acute phase response signaling pathway) and energy production (glycolysis and gluconeogenesis). Moreover, a comparative meta-analysis of seminal plasma proteomes from other species indicated the presence of proteins specific for avian reproduction, but distinct differences between turkey and chicken seminal plasma proteomes were detected. The results of our study provide basic knowledge of the protein composition of turkey seminal plasma highlighting important physiological pathways which may play crucial roles in the sperm environment after ejaculation. This knowledge can be the basis to further develop procedures improving the reproduction of farmed turkeys.
INTRODUCTION
In birds and in mammals, semen is a complex fluid comprising spermatozoa and seminal plasma. In species with internal fertilization, the fundamental role of seminal plasma is to provide a suitable environment allowing spermatozoa to transit from the male to female reproductive tract. Therefore, bird seminal plasma has all the components necessary for the survival of sperm cells like sugars, such as glucose and fructose, enzymes and electrolytes being essential for the nourishment and metabolism of sperm (Hammond et al., 1965; VanhaPerttula et al., 1990; Gonzales and Villena, 2001, Buckett and Lewis-Jones, 2002) . In birds, proteins secreted in the vas deferens are found to be important factors involved in the sperm membrane maturation (Morris et al., 1987; Esponda, 1991) . In fowl, the role of seminal plasma for sperm motility is even more crucial, since in contrast to mammals, fowl spermatozoa have to be motile during passage through the genital ductus and do not require a period of capacitation within the hen's reproductive tract (Clulow and Jones, 1982) . For this, fowl seminal plasma contains motility-activating as well as motility-inhibiting factors (Ashizawa and Wishart, 1987; Thomson and Wishart, 1989; Mohan et al., 1995) . In contrast to mammals, seminal plasma of domestic birds is derived entirely from the testes and excurrent ducts (Froman, 1995) . Turkey semen can be stored for a few hours as a liquid at 2 to 8
• C after dilution in an extender (Thurston, 1995; Etches, 1996) . If not removed, seminal plasma is present in the medium and is known to have protective effects on spermatozoa because of its high antioxidant activity (Surai et al., 1998) . However, even under optimal storage conditions, turkey sperm viability declines and the fertilizing capacity is decreased (Sexton and Giesen, 1982, 1983; Thurston, 1995) . To better understand specific positive and negative effects of turkey seminal plasma on the semen quality during in vitro storage, the effects of seminal plasma on membrane permeability, lipid metabolism, energy status, motility and fertility of turkey spermatozoa stored at 4 or 20
• C were investigated (Douard et al., 2005) . It was shown that the high molecular weight fraction (>50 kDa) of seminal plasma improves the fertilizing ability of turkey spermatozoa stored in vitro, whereas low molecular weight substances of seminal plasma have deleterious effects in stored turkey semen. Removal of these substances by dialysis significantly improves the quality of stored semen (Iaffaldano and Meluzzi, 2003) . Considering the importance of turkey semen storage for the poultry industry, there is a need to characterize the protein composition of seminal plasma.
So far, studies on the chicken semen proteome addressed proteome based models for the phenotyping of chicken semen (Froman et al., 2011; Labas et al., 2015) , effects of freezing-thawing treatments (Cheng et al., 2015) , and the identification of seminal plasma and spermatozoa proteins (Marzoni et al., 2013; Labas et al., 2015) .
However, results obtained from the chicken are not adaptable to turkey semen due to species-specific differences in terms of their semen metabolism and amenability to freezing (Long, 2006) . First, chicken spermatozoa metabolism is maintained under aerobic and anaerobic environments (Sexton, 1974) , whereas turkey spermatozoa provides energy more by oxidative respiration rather than by glycolysis (Sexton, 1974; Wishart 1981; Sexton and Giesen, 1982) . Second, turkey spermatozoa are much more sensitive for cooling/freezing procedures than chicken semen (Long, 2006) , making different cryopreservation methods for turkey and chicken sperm indispensable. Finally, we found (S lowińska et al., 2015a, unpublished information) prominent differences in protein maps between turkey and chicken seminal plasma obtained after 2-dimensional electrophoresis (Marzoni et al., 2013; S lowińska et al., 2015a) .
So far, only a single proteomic study on turkey seminal plasma with the goal to compare proteomes of white and yellow seminal plasma has been published (S lowińska et al., 2015a) , resulting in the identification of only few proteins connected with Yellow Semen Syndrome. This study led to the identification of albumin, transthyretin, hemopexin, immunoglobulin light chain, pantetheinase, ovotransferrin, hepatocyte growth factor activator (HGFA), cysteine-rich secretory protein (CRISP), and ferritin heavy chain. In other studies, the characterization of turkey seminal plasma proteins has been performed by isolation of single proteins and its identification using Edman degradation. The following proteins were isolated and identified: Kazal-type inhibitor, ovoinhibitor, acrosin and HGFA (Thurston et al., 1993; Holsberger et al., 2002a,b; S lowińska et al., 2008 , 2015b . Moreover, activities of aspartate aminotransaminase, acid phosphatase, superoxide dismutase, and metalloproteinases were observed in turkey seminal plasma (Hess and Thurston, 1984; Kot lowska et al., 2005a,b; . Except for the proteins mentioned, to our knowledge, the proteome of turkey seminal plasma has not yet been characterized. Therefore, the aim of our study is to identify proteins of turkey seminal plasma using 2 different proteomic approaches: SDS-PAGE combined with liquid chromatography-mass spectrometry (LC-MS/MS) and 2-dimensional electrophoresis (2DE) combined with matrix-assisted laser desorption/ionization time of flight/time of flight mass spectrometry (MALDI TOF/TOF).
MATERIALS AND METHODS

Birds, Housing, and Management
Six male turkeys (British United Turkeys Big 6, Grelier, St Laurent de la Plaine, France) were maintained under standard husbandry conditions at the Turkey Testing Farm of the Department of Poultry Science (University of Warmia and Mazury, in Olsztyn, Poland). Feed and water were provided ad libitum. Males were photostimulated at 26 wk of age (14 L:10 D) and produced semen by 30 wk of age. Individual semen samples were collected at 1-wk intervals by abdominal massage (Burrows and Quinns, 1937) . Seminal plasma was centrifuged twice for 10 min each at 7,950 × g at 4
• C. Supernatant was collected and frozen at -80 • C. Birds whose semen was used for analysis were between 41 and 45 wk of age. Approval from the Animal Experiments Committee in Olsztyn, Poland was obtained before the start of any experiments.
SDS-PAGE and Prefractionation Combined with Nano-LC-MS/MS Based Identification
SDS-PAGE of 4 biological replicates of seminal plasma (90 μg/per lane) was performed using self-cast 12.5% separating polyacrylamide gels according to the method of Laemmli (1970) under reducing conditions and using a SE 250 vertical Mighty Small electrophoresis system (GE Healthcare, Uppsala, Sweden). After electrophoresis gels were stained overnight (0.05% CBB R-250, 50% methanol, 10% acetic acid) and destained with 5% methanol and 7% acetic acid. A typical SDS-PAGE profile of turkey seminal plasma is shown in Figure 1 . Gel lines were washed twice in water and each gel lane was cut into 14 sections. Each gel slice was transferred in a 1.5 mL reaction tube and equilibrated twice with 50 mM NH 4 HCO 3 for 10 min. Protein disulfides were reduced with 45 mM dithiothreitol (DTT, 30 min, 55 • C), and the sulfhydryls formed were alkylated with 100 mM iodoacetamide (30 min, room temperature). The gel slice was minced and subjected to overnight digestion at 37
• C with 1 μg porcine trypsin (Promega, Madison, WI). The supernatant was collected and preserved. Resultant peptides were eluted from the gel pieces in 2 successive washes: first with 50 mM NH 4 HCO 3 followed by 80% acetonitrile (ACN, Merck, Darmstadt, Germany) and concentrated using a mini Vac DUO concentrator (Genevac, Ipswich, Great Britain).
Nano-flow LC-MS/MS (nano-LC-MS/MS) was performed on an EASY-nLC 1000 chromatography system (Thermo Scientific, Waltham, MA) coupled to an Orbitrap XL instrument (Thermo Scientific, San Jose, CA). Peptides were injected onto a C18 trap column (PepMap100 C18, 75 μm × 2 cm, 3 μm particles, Thermo Scientific) and subsequently separated by RP chromatography using a nano-LC column (PepMap RSLC C18, 75 μm × 50 cm, 2 μm particles, Thermo Scientific) at a flow rate of 200 nL/min using 2 consecutive linear gradients from 2 % to 25 % solvent B (0.1 % formic acid, 100 % ACN) in 120 min and from 25 % to 50 % solvent B in 10 min. For data acquisition, a top 5 data dependent CID method was used.
MS RAW data were processed using MASCOT Daemon and MASCOT Server version 2.1.03 (Matrix Science, London, UK). MS/MS data were searched against the NCBIr Turkey nr 20150810 database and the following parameters: 1) enzyme: trypsin; 2) fixed modification: carbamidomethylation (C); 3) variable modifications: oxidation (M), 4) peptide mass tolerance: 10 ppm, 5) MS/MS mass tolerance: 0.8 Da; 6) peptide charges: 1+, 2+, and 3+; 7) instrument: ESI trap; and 8) allow up to one missed cleavage. The occurrence of false positives was estimated by running searches using the same parameters against decoy databases. Scaffold version 2 04 00 (Proteome Software, Inc., Portland, OR) was used to obtain a list of protein identifications with a false discovery rate (FDR) ≤ 1%, requiring at least 2 individual peptides per protein with a minimum peptide probability of 95%. Analysis of protein abundance were performed on the basis of the term "quantitative values" and number of unique peptides. Protein abundance was determined using a quantitative value ≥ 61 and number of unique peptides ≥ 10 assigned to proteins by Scaffold software. Additionally, in final analysis, we only considered proteins that were identified in at least 3 individuals by at least 2 distinct peptides.
2DE and Protein Identification by MALDI TOF/TOF
Six biological replicates of seminal plasma were used for 2DE. The seminal plasma proteins were precipitated using the 2-D Clean-up Kit (GE Healthcare). The pellet was re-suspended in 450 μL of rehydration buffer consisting of 7 M urea, 2 M thiourea, and 2% CHAPS, 18 mM DTT, 2% pharmalyte 3 to 10 nonlinear (NL), and a trace of bromophenol blue and 500 μg of proteins were loaded onto immobiline DryStrip gel (IPG) strips (24 cm; pH 3-10NL; GE Healthcare) with passive rehydration (12 h). The protein concentration was measured by the method of Bradford (1976) using a Coomassie Plus Kit (Thermo Scientific, Waltham, MA) with bovine serum albumin as the standard.
Isoelectric focusing (IEF) was performed at 20
• C on an Ettan IPGphor apparatus (GE Healthcare), with the current limited to 50 μA/strip and the following voltage program: step 1 at 500 V for 3.5 h, step 2 at 1000 V for 1 h in gradient, step 3 at 8000 V for 3.0 h in gradient, and step 4 at 8000 V for 5.5 h (a total focusing time of 60,800 Vh). Prior to SDS-PAGE, the IPG strip was equilibrated in 6 M urea, 75 mM Tris-HCl (pH 8.8), 2% SDS, 30% glycerol, and 1% DTT (w/v) for 15 min, and for 15 min in the same solution but with 2.5% iodoacetamide (w/v) instead of DTT and a trace of bromophenol blue.
After equilibration, the second-dimension electrophoresis was performed using 12.5% SDS polyacrylamide gels (DALT Gel; a precast polyacrylamide gel; GE Healthcare). The gels were run at 1 W per gel for the first 1 h and then at 17 W per gel for approximately 4.5 h until the dye front reached the bottom of the gel. The proteins were visualized with Coomassie Brilliant Blue G-250. All gels were scanned with Image Scaner III (GE Healthcare) and analyzed using Image Master 2D platinum 7.05 (GE Healthcare). The relative volume (%Vol) was used for spot quantification. Selected spots were picked from gel by Ettan Spot Picker (GE Healthcare) and subjected to in gel-trypsin digestion by Ettan Digester (GE Healthcare). Digested protein samples were mixed with the matrix [5 mg of α-cyano-4-hydroxycinnamic acid (Bruker Daltonics, Bremen, Germany)] in 1 mL of 50% ACN and 0.1% trifluoroacetic acid (Fluka, Buchs, Sweden) and were spotted onto a MTP 384 target plate ground steel (Bruker Daltonics) using Ettan Spotter (GE Healthcare).
Mass spectra were acquired in the range of 700-3500 m/z using a MALDI autoflex speed TOF/TOF mass spectrometer equipped with a Smartbeam II laser (355 nm, Bruker Daltonics). Operating conditions were as follows: ion source 1 = 19.00 kV, ion source 2 = 16.75 kV, lens voltage = 7.50 kV, reflector voltage = 21.00 kV, optimized pulsed ion extraction time = 120 ns, matrix suppression = 500 Da, and positive reflectron mode. The strongest precursors were selected for MS/MS analysis. Peak lists were generated from MS spectra with Flex Analysis version 3.3 (Bruker Daltonics). The spectra were then searched with a Mascot version 2.4 (Matrix Science, Boston, MA). The database search criteria were as follows: enzyme: trypsin, taxonomy: turkey (Meleagris gallopavo; 30,906 entries), fixed modification: carbamidomethylation (C), and variable modifications: oxidation (M) peptide mass tolerance of 100 ppm, fragment mass tolerance of 0.9 Da, and one missed cleavage allowed. The search results were filtered with a significant threshold of p < 0.05 and a MASCOT ion score cut-off of ≥ 30.
Gene Ontology Annotation and Pathways of Seminal Plasma Proteins
GI number for identified turkey seminal plasma proteins were mapped to the UniProtKB database (www.uniprot.org) to obtain Gene Ontology (GO) annotation for biological processes and molecular functions.
Using the Ingenuity Pathway Analysis package (IPA; Ingenuity, Mountain View, CA), the gene names of identified turkey seminal plasma proteins were used to map potential biological pathway and networks. Because IPA only accepts gene or protein accession numbers representing human, mouse, and rat genes or proteins, orthologs of the identified turkey proteins belonging to humans were first identified and the gene name of the top blast hits were uploaded to IPA. Each identifier was associated with the IPA knowledge base and used to generate networks and perform functional and canonical pathway analysis. Fisher's exact test and Benjamini-Hochberg multiple testing corrections were used to calculate the significance (P < 0.05) of functional and canonical pathways of proteins. In order to compare proteome of turkey and chicken seminal plasma, IPA was used for the analysis of previously identified chicken seminal plasma proteins (Labas et al., 2015) .
Western Blot Analysis
To confirm the identification of acrosin, ovoinhibitor and albumin in turkey seminal plasma, antibodies obtained by S lowińska et al. (2012, 2014, 2015a ) against sperm acrosin, ovoinhibitor and albumin were used. Aliquots of seminal plasma (100 μg) in total volume of 125 μL of rehydratation buffer were applied to 7 cm IPG strip (pH range 4 to 7; GE Healthcare). Then, IEF and the second-dimension electrophoresis were performed under the same conditions as described by S lowińska et al. (2015a) . After 2DE, proteins of turkey seminal plasma were transferred to nitrocellulose membrane (0.2 μm, Sigma-Aldrich, St. Louis, MO) in Mini Trans-Biol Cell (Bio-Rad, Hercules, CA) according to S lowińska et al. (2012) . The membranes were incubated overnight at 4
• C with anti-acrosin or anti-ovoinhibitor or anti-albumin antibodies diluted with TBS-T (0.05 M Tris-HCl, 0.15 M NaCl, and 0.1% Tween 20, pH 7.6) at The most abundant turkey seminal plasma proteins based on "quantitative value" and "number of unique peptides" provided by Scaffold.
a ratio of 1:2,000 and 1:4,000 and 1:2,000, respectively. Blots were scanned with the VersaDoc MP 4000 system (Bio-Rad, Hercules, CA).
RESULT
SDS-PAGE and Prefractionation Combined with Nano-LC-MS/MS
A total of 175 proteins (in at least 3 individuals) were identified from the turkey seminal plasma (FDR ≤ 1%). Based on the Scaffold parameters "quantitative value" and "number of unique peptides", 11 proteins were found to be highly abundant (Table 1) . A list of all turkey seminal plasma proteins identified in this study together with their accession number, molecular weight, sequence coverage, and number of unique peptides assigned to each protein is provided in Supplementary Table S1 . Detailed information concerning the identifications is provided in Supplementary Table S2 .
2DE and MALDI TOF/TOF
A total of 218 spots were detected across all gels (Figure 2) and were analyzed by MALDI TOF/TOF. From these spots, 169 spots were successfully identified and could be assigned to 34 turkey seminal plasma proteins. Most of the proteins were identified in more than one protein spot, likely representing protein proteoforms with different isoelectric point and/or molecular weights; for example, albumin-like protein (identified in 31 spots), ovotransferrin (identified in 25 spots), CRISP (identified in 16 spots), and HGFA (identified in 15 spots). The results of spot identification after 2DE are reported in Supplementary Table S3 . More detailed information concerning the protein identifications is provided in Supplementary Table S4 .
Spot quantification by the relative volume (%Vol > 0.7) showed that serum albumin-like protein, ovotransferrin, CRISP, and HGFA were the most dominant protein in turkey seminal plasma (Table 2) .
Functional Annotations and Pathway Analysis
A total of 167 proteins were annotated according to GO annotation of UniProtKB database and classified into 7 categories according to their molecular function (Figure 3 ). The majority of these proteins were classified as proteins with binding activity (protein, lipid, carbohydrate, peptide and small molecule binding) and catalytic activity (hydrolase, oxidoreductase, transferase, lyase, and isomerase activity). The remaining proteins were classified as proteins with enzyme regulatory activity, molecular transducer activity, transporter activity, structural molecule activity, and antioxidant activity (Figure 3 ). Using the biological process database, proteins were classified into 11 categories, from which a majority of proteins were related to metabolic process, response to stimulus, developmental process, cellular component organization and signal transduction (Figure 3) . The remaining were involved in immune system processes, reproduction, cell adhesion, cell death, cell proliferation, and cell motility (Figure 3) .
Proteomic profiling of the protein dataset by IPA showed canonical pathway, networks and molecular and cellular functions significant in terms of P-values and/or Supplementary Table S3 and S4. a score (Table 3) . Top canonical pathways of turkey seminal plasma included, liver X receptor/retinoid X receptor (LXR/RXR) activation and farnesoid X receptor/retinoid X receptor (FXR/RXR) activation pathways, clathrin-mediated endocytosis signaling, and glycolysis I. All significant canonical pathways identified in turkey seminal plasma are shown in Supplementary  Table S5 .
Validation by Western Blot Analysis
Polyclonal antibodies against turkey seminal plasma albumin, ovoinhibitor, and sperm acrosin detected spots that were identified by MALDI TOF/TOF analysis (Figure 4) . Polyclonal antibodies against albumin, ovoinhibitor, and acrosin, detected 24, 33, and 12 spots, respectively (Figure 4) .
DISCUSSION
For the first time, 2 different proteomic approaches were applied to identify turkey seminal plasma proteins: SDS-PAGE combined with LC-MS/MS and 2DE combined with MALDI TOF/TOF. The first approach allowed the identification of 175 proteins, which were classified according to their function and pathways. Turkey seminal plasma protein proteoforms were visualized after 2DE and identified using MALDI TOF/TOF. In accordance to this result, antibodies against turkey seminal plasma albumin, ovoinhibitor as well as sperm acrosin detected the major proteoforms of these proteins.
Furthermore, we found evidence that the retinoid receptors activation pathway plays an important role for turkey semen. According to IPA analysis of the identified turkey seminal plasma proteins, retinoid X receptor activation (LXR/RXR and FXR/RXR), associated with lipid metabolism, were the top significant canonical pathways. GO analysis supported these results, and showed that metabolic processes of turkey seminal plasma comprises 20% of lipid metabolic process. The LXR/RXR activation pathway is involved in the regulation of the lipid metabolism, inflammation, and cholesterol-to-bile acid catabolism (Calkin and Tontonoz, 2012) , whereas FXR/RXR plays a crucial role in linking bile acid regulation with lipoprotein, lipid, and glucose metabolism (Ding et al., 2015) . The involvement of LXR and FXR in the physiology of male reproduction was previously shown in mammals (Chung and Wolgemuth, 2004; Keber et al., 2013; Rondanino et al., 2014; Cuevas et al., 2015) . A LXRα;β −/− knockout mouse presented an impairment of several testicular functions like spermatogenesis, lipid homeostasis, and steroidogenesis (Gabbi et al., 2009; Keber et al., 2013) . Furthermore, FXRα activation affects the sex steroid production in Leydig cells (Gray and Squires, 2013) whereas in the testes, FXR activation seems to control tumor growth (Catalano et al., 2010) . Our results strongly suggest that molecular pathway of retinoid receptors activation can also be important for the turkey semen reproductive system. The role of the retinoid receptor and underlying mechanisms in semen Protein identifications are based on at least one unique peptides with ion score ion score ≥30. The most abundant turkey seminal plasma proteins based on the relative volume (%Vol).
are interesting topics to be investigated in the future studies.
The clathrin-mediated endocytosis pathway is the best characterized pathway for the endocytic entry of proteins and lipids at the plasma membrane (McPherson et al., 2000) . It is mediated by the molecule clathrin, which plays a major role in the formation of coated vesicles. Clathrin-mediated endocytosis is required for a large number of essential cell functions, including nutrient uptake, cell-cell communication, and modulation of membrane composition (Ramanan et al., 2011) . So far, in birds the pathway was identified to play a role in skeletal muscle of chickens (Zhai et al., 2012) . In mammals, this pathway is also associated with mammals semen and testes (Sharma et al., 2013a; Upadhyay et al., 2014) . In humans, the clathrin-mediated endocytosis signaling pathway was suppressed in seminal plasma of men exhibiting oxidative stress (Sharma et al., 2013a) . In rat testis, clathrin was localized in tubulobulbar complexes, which are formed between Sertoli cells and spermatids at the time of sperm release (Upadhyay et al., 2014) . Our study strongly suggests that this pathway is also active in the male reproductive system of birds. The targeted detection of particular components of this pathways during spermatogenesis is an interesting topic for further studies.
Turkey semen is a source of microbial contamination that could be transferred to the hen and the progeny (Dhama et al., 2014) . The innate immune system is the first line of defense against pathogens, and plays a fundamental role in coordinating a protective immune response in birds (Girard et al., 2011) . In our study, we found an acute phase response signaling as a significant canonical pathway of turkey seminal plasma. The acute phase response is a rapid inflammatory response that provides protection against microorganisms using non-specific defense mechanisms already described in human semen Sharma et al., 2013b) . Although, so far the acute phase response pathway has not been characterized for birds, corresponding Top canonical pathways of turkey seminal plasma indicated by IPA are shaded in grey. ACTB, beta-actin; ALB, serum albumin; ALDOC, fructose-bisphosphate aldolase C; APOA1, apolipoprotein A-I; CDC42, cell division control protein 42 homolog isoform X1; CLU, clusterin; PDGFD, platelet-derived growth factor D-like; ENO1, alpha-enolase isoform X1; F2, prothrombin; FETUB, fetuin-B; GC, vitamin D-binding protein; HPX, hemopexin-like, partial; HSPA8, heat shock cognate 71 kDa protein; IL1RAP, interleukin-1 receptor accessory protein isoform X3; LYZ, turkey egg-white lysozyme; MDH1, malate dehydrogenase, cytoplasmic, partial; ORM2, alpha-1-acid glycoprotein 2-like; PGAM1, phosphoglycerate mutase 1; PGK1, phosphoglycerate kinase 1; PKM, pyruvate kinase PKM isoform X2; RBP4, retinolbinding protein 4 isoform X1; SERPINA1, alpha-1-antitrypsin-like; SERPINF1, pigment epithelium-derived factor; SERPING1, plasma protease C1 inhibitor; TPI1, triosephosphate isomerase; TTR, transthyretin.
defense proteins were identified in rooster seminal plasma (Marzoni et al., 2013) . Moreover, in addition to the acute phase response pathway, GO analysis revealed turkey seminal plasma proteins related to immune system processes, which may play a role in immune response activation, antigen processing/presentation, and leukocyte activation and migration as well as mediated immunity (Table 4 ). In conclusion, our results strongly suggest that turkey seminal plasma proteins are important for the defense of semen against pathogens during storage in the male reproductive tract and in the female reproductive tract after insemination.
In our study, IPA analysis revealed energy-producing processes such as carbohydrate metabolic pathways of ALB OVO ACR Figure 4 . Western blot of turkey seminal plasma proteins incubated with anti-albumin (ALB), anti-ovoinhibitor (OVO) and anti-acrosin (ACR) antibodies. Proteins were separated by 2DE and transferred to nitrocellulose membrane. Blots were scanned with the VersaDoc MP 4000 system (Bio-Rad, Hercules, CA). ALB indicates 24 albumin spots detected using anti-ALB antibodies. OVO indicates ovoinhibitor 33 spots detected using anti-OVO antibodies and ACR indicates 12 acrosin spots detected using anti-ACR antibodies. Table 4 . Turkey seminal plasma proteins related to immune system processes.
Immune system process Gene impacted Activation of immune response ACTB, CDC42, CFI, CLU, DMBT1, SERPING1, MYO1C, PSMA4, PSMA7, PSMB5 Antigen processing and presentation ARF1, BLMH, ERAP1, PSMA4, PSMA7, NPEPPS, PSMB5, RAB10 Leukocyte activation CLU, ICOSLG Leukocyte migration CDC42, GLG1, F2 Leukocyte mediated immunity CFI, CLU, SERPING1, PRDX1, TUBB4B
ACTB, beta-actin; ARF1, ADP-ribosylation factor 1; BLMH, bleomycin hydrolase; CDC42, cell division control protein 42 homolog isoform X1; CFI, complement factor I; CLU-clusterin; DMBT1, deleted in malignant brain tumors 1 protein-like isoform X1; ERAP1, endoplasmic reticulum aminopeptidase 1; F2 -prothrombin; GLG1, Golgi apparatus protein 1; ICOSLG, ICOS ligand; MYO1C, unconventional myosin-Ic; NPEPPS, puromycin-sensitive aminopeptidase; PRDX1, peroxiredoxin-1; PSMA4, proteasome subunit alpha type-4; PSMA7, proteasome subunit alpha type-7; PSMB5, proteasome subunit beta type-5; RAB10, ras-related protein Rab-10; SERPING1, plasma protease C1 inhibitor; TUBB4B, tubulin beta-4B chain.
glycolysis and gluconeogenesis to be significant canonical pathways of turkey seminal plasma. Enzymes of glycolysis and gluconeogenesis present in seminal plasma may originate from spermatozoa and their presence may reflect the carbohydrate metabolism of spermatozoa. Glycolysis is essential for local ATP production, which provides the energy for key functions of spermatozoa, e.g., sperm motility and ability to fertilize (Rowe et al., 2013; Ford, 2006 , Froman et al., 2011 . Although turkey spermatozoa glycolytic capacity is low (Sexton, 1974; Wishart, 1982 Wishart, , 1984 , we were able to identify the 6 glycolytic enzymes in seminal plasma: aldolase C, enolase 1, phosphoglycerate mutase, phosphoglycerate kinase, pyruvate kinase, and triosephosphate isomerase. For the chicken, it is well known that glycolytic enzymes can be released from damaged spermatozoa, e.g., after cryopreservation (Cheng et al., 2015) . The latter have found a decreased expression of the glycolytic proteins ALDOC, TPI1, and ENO1 after freezing-thawing. All these enzymes were identified in our study. In mammals, proteins related to glycolysis present in the seminal plasma originate from sperm degradation during epididymal transit or ejaculation (Soleilhavoup et al., 2014) . Therefore, it can be speculated that, similar to mammals, turkey sperm partially degrades during maturation, transit, and storage in the reproductive tract or ejaculation.
Glucose, essential for energy production, can be synthesized from noncarbohydrate precursors such as pyruvate and lactic acid via the process of gluconeogenesis. Five enzymes of the gluconeogenesis pathway involved in conversion of pyruvate to fructose-1,6-bisphosphate were identified in turkey seminal plasma: ALDOC, ENO1, MDH1, PGAM1, and PGK1. Similar findings were made for mammalian spermatozoa in dogs (Albarracín et al., 2004) , humans Sharma et al., 2013c) , and boars (Marin et al., 2003) . In humans, sperm activates gluconeogenesis in the midpiece to provide energy for flagellar movement (Mukai and Okuno, 2004) . In our opinion, these enzymes, similar to the proteins related to glycolysis, originate from damaged spermatozoa.
Furthermore, IPA analysis of turkey seminal plasma proteins (Supplementary Table S5 ) highlighted several important pathways related to reproduction. Proteins involved in cell junctions in the testis such as SertoliSertoli, Sertoli-germ junction, and gap junction signaling pathways are essential for development and movement of germ cell during spermatogenesis in mammals (Mruk and Cheng, 2004; Kopera et al., 2010) . Moreover, antioxidant proteins and proteins involved in oxidative stress response were identified which can be a part of the mechanisms responsible for the high antioxidant activity of turkey seminal plasma protecting spermatozoa from peroxidation (Surai et al., 1998 (Surai et al., , S lowińska et al., 2011 . The identified proteins related to inhibition of the matrix metalloproteinase pathway may be related to the control of matrix metalloproteinase activity identified previously in our laboratory (Kot lowska et al., 2005b) . It should be noted that the presence of turkey Top canonical pathways of chicken seminal plasma indicated by IPA are shaded in grey.
Canonical pathway of turkey seminal plasma which overlap the first 9 pathways present in the chicken seminal plasma are in bold.
seminal plasma proteins related to several degradation pathways were identified, e.g., proteins related to degradation of methylglyoxal, aspartate, sucrose, cysteine, glutamate, and ceramide. However, the particular function of proteins related to degradation pathways in seminal plasma is unclear, possibly they are involved in energetic metabolism and detoxification (Frediani et al., 2014; Ma et al., 2015; Maessen et al., 2015) .
So far, proteomics data of avian seminal plasma proteins are only available for chicken (Labas et al., 2015; Marzoni et al., 2013) . With our dataset of turkey seminal plasma, a comparative analysis of different poultry seminal plasma proteomes is now possible. The comparison of the protein lists from turkey (our study) with the list from chicken seminal plasma (Labas et al., 2015) revealed that 44 proteins were so far not identified in chicken seminal plasma (Supplementary Table S1). Nonetheless, the IPA analysis of turkey seminal plasma proteins (Table 3) revealed an overlap of 6 from 9 of the most significant canonical pathways found using the chicken seminal plasma proteins (Table 5; Supplementary Table S6) , suggesting similarities in major physiological processes in poultry semen. Furthermore, protein profiles obtained after 2DE for turkey (our study) and rooster seminal plasma (Figure 1 in study of Marzoni et al., 2013) are markedly different. The differences are mainly related to the presence of the 2 dominant proteins HGFA and CRISP in the 2DE maps of turkey seminal plasma. Corresponding spots cannot be detected in the middle part of 2DE gels of chicken seminal plasma, between 30 and 60 kDa. Furthermore, proteomic analysis of chicken seminal plasma did not reveal CRISP neither in the 2DE-based (Marzoni et al., 2013) nor in the nanoLC-MS/MS-based study (Labas et al., 2015) , suggesting that this protein is either absent or present in very low concentrations in chicken seminal plasma. Similarly, HGFA was identified in chicken seminal plasma with only 3 unique peptides (Labas et al., 2015) , whereas we identified 18 unique peptides for HGFA, again indicating a higher concentration in turkey seminal plasma. This finding is in line with studies by Thurston et al. (1993) , who found high amidase activity (probably from HGFA) in turkey seminal plasma and lower activities in chicken and guinea fowl. The differences in protein composition exhibited as domination of CRISP and HGFA in turkey seminal plasma strongly suggest species-specific specificity of protein in male poultry reproductive system.
The majority of the identified turkey seminal plasma proteins (n = 150) were also reported for the seminal plasma of mammals, including humans (Pilch and Mann, 2006; Kumar et al., 2009; Batruch et al., 2011; Kagedan et al., 2012) , bulls (Kelly et al., 2006) , and rams (Souza et al., 2012) , reflecting similarities between higher vertebrates. However, numerous proteins (n = 53) were present in different isoforms compared to mammals (Supplementary Table S1 ). The proteins differentiating avian semen from mammals can be grouped into inhibitors (ovostatin, ovoinhibitor) and proteins with catalytic activities (astacin-like metalloendopeptidase, HGFA, galactocerebrosidase, potassium-transporting ATPase alpha chain, endoplasmic reticulum resident protein 44, hydroxyacylglutathione hydrolase, mitochondrial).
Furthermore, it is interesting that 2 major proteins of egg white with strong anti-proteolytic and antibacterial activity, ovostatin and ovoinhibitor, were also present in turkey and chicken semen (Labas et al., 2015) . It was suggested that ovoinhibitor in turkey seminal plasma may play a role for the maintenance of a microenvironment suitable for the sperms during storage in the male reproductive tract (S lowińska et al., 2014) . GO analysis indicated that proteins specific for avian seminal plasma can participate in immune system and metabolic processes, signal transduction, response to stimulus or have a still unknown function. These proteins may be characteristic for avian seminal plasma and perhaps can be related to the specific mode of avian reproduction. Further studies should investigate their specific role in avian reproduction.
More than 60% of turkey seminal plasma proteins detected and identified on the 2DE gels are present as multiple proteoforms highlighting the importance of post-translational modifications (PTMs). The posttranslational modification of proteins is known to be an essential mechanism used in eukaryotic cells to diversify protein function and dynamically coordinate signaling networks (Wang et al., 2014) . Totally, 27 types of PTMs were observed in human seminal plasma of which the most common are phosphorylations, acetylations and glycosylations (Ohkubo et al., 1990; Gilany et al., 2015) . Although the function of these PTMs in human seminal plasma are still not well understood, it is known that disturbed rates of PTMs leads to numerous developmental disorders and human diseases (Kratz et al., 2015) . In turkey seminal plasma HGFA and ovoinhibitor was found to be primary phosphorylated and glycosylated, respectively (S lowińska et al., 2014; S lowińska et al., 2015b). PTMs of other turkey seminal plasma proteins are largely unknown. However, to further identify and characterize PTMs of turkey seminal plasma proteins seems to be crucial to better understand avian reproduction.
To confirm this high degree of modified proteins we applied 2-dimensional electrophoresis combined with Western blot to confirm the presence of albumin, ovoinhibitor, and acrosin in turkey seminal plasma. For albumin and ovoinhibitor, numerous proteoforms were detected, which is in line with previous findings of S lowińska et al. (2014, 2015a) . Furthermore, our result showed that also acrosin in turkey seminal plasma shows numerous proteoforms. Using anti-acrosin antibodies, we detected 5 spots with lower molecular weight and 3 with higher molecular weight, from which 2 spots were identified by MALDI TOF/TOF. This finding is completely new, since so far acrosin detection was performed only on 1D Western blotting (S lowińska et al., 2012) . The identification of spots with higher molecular weight (probably representing proacrosin) by Western blotting but not by MALDI TOF/TOF, was likely due to abundance of albumin spots in this area. The visualization of different proteoforms of acrosin, may be useful to further study activation mechanism of the proacrosin/acrosin system during liquid storage and cryopreservation.
The same amount of protein (90 μg per line) was used for protein identification in each individual. Under these conditions the variations among males were observed. The number of identified proteins for each individual ranged from 169 to 400 (Supplementary  Table S7 ). The exact reason for this variation is unclear at present. The differences were mainly related to the presence or absence of proteins that were identified with a low number of unique peptides, which suggests their low concentration in seminal plasma. It is likely that the concentration of those proteins was below detection limits. Further study should focus on the development of enrichment methods for particular proteins identified in our study in order to explain the source of seminal plasma proteome variation.
Proteomic studies have been found to be important for better understanding of semen biology and its consequence for fertility. Comparative proteomic analysis provide the first evidence of biomarkers related to fertility (Labas et al., 2015) . Changes in sperm proteins after freezing-thawing allowed identification of proteins related to sperm metabolism and structure in chicken spermatozoa (Cheng et al., 2015) . We believe that for turkeys, understanding of semen protein composition is needed in order to obtain vital information important for improvement of turkey reproduction, farming output, and the preservation of diversity of genetic resources. Results of our study provide the basic knowledge concerning protein composition of turkey semen and indicated the most important physiological pathway that take place in sperm environment after ejaculation. This knowledge should be the basis for further development of procedures aimed to improve of reproduction of farmed turkeys.
In summary, the present study identified a large number of proteins previously not described in turkey seminal plasma. These proteins are involved in regulation of lipid metabolism (LXR/RXR activation and FXR/RXR activation pathways), endocytic entry of proteins and lipids at the plasma membrane (clathrin-mediated endocytosis pathway), defense against pathogens (acute phase response signaling pathway), and energy production (glycolysis and gluconeogenesis). The comparison our dataset with seminal plasma datasets from other birds and mammals suggests the presence of proteins specific for avian reproduction. Moreover, distinct differences between turkey and chicken seminal plasma indicated species-specific differences in the protein composition of avian seminal plasma. The presence of numerous proteoforms are characteristic feature of turkey seminal plasma proteins. In conclusion, results of our study provide basic knowledge about the protein composition of turkey semen and indicated important physiological pathways playing a role for a suitable sperm environment after ejaculation. This knowledge should be the basis for the development of further procedures aimed to improve reproduction of farmed turkeys. 
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